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(54) NON-ORIENTED MAGNETIC STEEL SHEET AND METHOD FOR' PRODUCTION THEREOF 

(57) When a non-oriented electrical steel sheet is manufactured, simultaneously having superior magnetic prop- 
erties and high strengths, a composition containing 0.02% or less of C, 4.5% or less of Si, 5.0% or less (including 0) 
of Ni, and 0.2% to 4.0% of Cu is used, and a solute Cu is allowed to appropriately remain in finish annealing. In the 
steel sheet thus obtained, finely shaped Cu is precipitated by aging treatment, and while the magnetic properties are 
not degraded, the yield stress is increased to not less than CYS (MPa) represented by the following formula: 



note 

CYS=180+5,600[%C]+95[%Si]+50[%Mn]+37[%AI]+435[%P]+25[%Ni)+ 

22d 1/2 



where d is an average grain diameter (mm) of crystal grains. 
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Description - - 

Technical Field 

[OOQi] The present invention relates to non-oriented electrical steel sheets, and more particularly, relates to a non- 
oriented electrical steel sheet having high strengths and a low iron loss and a method for manufacturing the same, the 
steel sheet being suitably used for a component receiving a jarge stress which is typically represented by a rotor for 
use in a high speed motor. . -, - . ... . , , . ".. , - t , . •...«■.'-.. - . 

[0002] The non-oriented electrical steel sheet manufactured: in. accordance with the present invention has a feature 
in which the yield strength and the like ar;e increased by aging treatment sqthat strengths of. a rotor assembled therefrom 
are increased. In addition, the non : oriented electrical steel. sheet also has a feature in which since the yield strength 
is.lpw before aging treatment, punching processing can.be easily performed. = , - .'• - 

Background Art * .. ... , .... .... .. 

[0003] :r In. recent years, due. to advancement of drive circuit systems of motors. it has become possible to perform 
freq^enc^^ntrpl.of ; drive power supply, and as a result, a high speed motor driven by adjustable speed control or 
dr *' v J? n *? t 5 : .higheTfrequency than a pow.er frequency has been increasingly in demand. Jn the^ high speed motors driven 
as ^described above ^ high speed rotation... . ... 

[0p04J - T na ? js, a centrifugal force applied to a rotor is proportional to the^rotating-radius and is .increased in propor-. 
tional to the square of a rotational speed. Hence, in medium-sized and large-sized high speed- motors., a stress more 
than 600. MPa may be. applied to, rotors. .-^er^^n.somac^s^. Accordingly, for the . high speed motors. as described; 
abpve <Ll mcrease.jn^ [. .^ - w ;^- f ...: v >, --U^e -^v»^. :ci : \iitt^ ' 

[0005] In addition, in view.pf recentjmprov^ 

ir^reasingly in de^Md/inAhe moton.descrjbed abpve^ag^ the rotbrarejiabje to jump out theref rpm , ".. 

andJ^-prder, ^/appjiedto an.efectri 

rotqr.^ro^ useirr the nr^torjn, particular- for use ih the r^torr has been; 

required to.have high strengthsy^ ■> 
P?8P§fe Sinpe. .ro^ng c d.e^^.8uch. asjnotors and generators expipit electromagnetic phenpmena^cpre materials; 
th ^tPE-^ a low ; iron loss and 

a h|gh magne^c'flux; density, : r ^-.^.^7,. .*, ; ; i -s- '.-">v .h- ■ % t * .". v 

.' l ;.! n w? e . ner S , » jqrassembling.anJ are formed by punching 

u §*1? a P res ,s machine and are then, laminated tp.each ptherfor the use. JHoweye/ r ,wheri a core material. of rotors jjsed 
for high speed motors cannot satisfy the mechanical strengths described above, instead of -that, a rotor made, of cast 
steel having higher strengths must bemused. However, since the ? c steel^adeTotpn mentioned above, is a bulk , 
product, .compared to ^a rotor.formed of electrical steel sheet&Jam in ated to each^qtheh a ripple loss affecting the rotor 
js l^j^'.^r^y P.ri mari jy caus J n 9,decrease in motor efficiency. The ripple loss indicates an eddy current loss caused 
by.ahigh.frequency magnetic flux. - ■ ,...„-'.• ... ' t . ■ " j \, • > 4 " .', 

[0008] . r Accordingly, an electrical steel sheet having superior magnetic properties and high strengths has been desired 
as a core material, for rotors. ... .... , . . ^ , . 

[OOpg] As a strengthening method from a metallurgical point of, view, for example, solid solution strengthening, pre- 
cipitation strengthening, and grain-refining strengthening have been, known, and there are examples in. which some 
methods mentioned above were applied to electrical steel sheets. For example, according to Japanese Unexamined. 
Patent Application Publication No. 60-238421 , based on the results of investigation on advantages and disadvantages 
of the each strengthening method mentioned above, as. a method having the least influence on magnetic properties, 
the use of solid solution strengthening has been proposed. In addition, a method has been disclosed in which, besides 
increase of the content.of Si to 3.5% to 7.0% (mass percent, hereinafter, the same as above), an element having high 
capability of solid (solution strengthening is added... ~ . . , - "« - - 

[0010] In addition, in Japanese Unexamined Patent Application Publication No. 62-256917, a method for controlling 
the diameter of recrystallized grains has been disclosed in which the content of Si is set in the range of from 2.0% to 
3.5%, the content of Ni or the contents of Ni and Mo are increased, and low-temperature annealing at a temperature 
of 650 to 850°C is performed. Furthermore, as a method using precipitation strengthening, in Japanese Unexamined 
Patent Application Publication No. 6-330255, a method has been disclosed in which the content of Si is set in the range 
of from 2.0% to 4.0% and fine carbides and nitrides of Nb, Zr, 71, and/or V are precipitated. 

[001 1] By the methods described above, electrical steel sheets can be obtained having a high strength to a certain 
extent. However, when steel is used in which the contents of Si and an element for solid solution strengthening are 
high, as disclosed in Japanese Unexamined Patent Application Publication No. 60-238421 , cold rolling properties are 
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extremely degraded, and as a result, It becomes disadvantageous^ difficult to perform stable industrial manufacturing. 
Furthermore, a problem may arise in that magnetic flux density of the steel sheet obtained by this technique is 
also seriously decreased to 1 .56 to 1 .60T. 

[0012] In the method disclosed in Japanese Unexamined Patent Application Publication Mo. 62-256917, in order to 
increase the mechanical strengths, the growth of recrystallized grains must be suppressed by low-temperature an- 
nealing, and as a result, in a relatively low frequency range, for example, of from a power frequency (approximately 
50 Hz) to several hundred Hertz, a problem occurs in that the iron loss is decreased. 

[0013] Accordingly, the electrical steel sheet obtained by the method disclosed in Japanese Unexamined Patent 
Application Publication No. 62-256917 cannot be used as a material for a stator member since the iron loss of this 
application is important in this frequency range. Hence, an extreme decrease in yield of the electrical steel sheet 
according to this method could not been avoided. That is, when stator and rotor members are obtained by punching, 
a ring-shaped stator member is generally punched out from one steel sheet, and from a remaining central part of the 
same steel sheet, a rotor member is also obtained by punching, thereby reducing waste. However, in the method 
disclosed in Japanese Unexamined Patent Application Publication No. 62-256917, two types of members must be 
obtained from different steel sheets by punching, and as a result, the yield is unfavorably decreased. 
[001 4] On the other hand, according to the method disclosed in Japanese Unexamined Patent Application Publication 
No. 6-330255, since the carbides and nitrides themselves function as a barrier to magnetic wall movement and interfere 
with the growth of crystal grains of an electrical steel sheet, the degradation in iron loss is still disadvantageous^ large. 
[0015] In addition, regardless of whether any of the methods described above is used, the electrical steel sheets 
manufactured thereby each have a high hardness, and as a result, the punch abilities thereof are inferior. That is, when 
the steel sheet for laminated core is punched out, die wear becomes very large, and hence large burrs are liable to be 
generated in an early stage.* 

[0016] As will be described later, as one of the features of the present invention, the composition of a steel sheet 
according to the present invention contains a predetermined amount of Cu. Hence; apart from the problems described 
above, the current status of Cu used in non-oriented electrical steel sheets will be described. ' - 

[00171 As an example in which Cu is added to an electrical steel sheet, a technique for improving punchabilities has 
been disclosed in Japanese Unexamined Patent Application Publication No. 62-89816 in which 0.1 to 1.0% of C is 
added to a steelsheet so as to precipitate graphite. As a method of recrystallizati on annealing (finish annealing), box 
annealing is recommended. In this technique, as an element facilitating the precipitation of graphite, Cu in an amount 
of 1 .0% or less is recommended to be added; however, disadvantage in cost is also implied. 

[001 8] However, the electrical steel sheet described above having a composition containing 0.1 % or more of C is an 
exceptional one s and in a general electrical steel sheet, the addition of Cu is not recorhmended in view of the magnetic 
properties and the like. For example, in Japanese Unexamined Patent Application Publication No. 9-67654, a non- 
oriented electrical steel sheet containing more than 1% to 3.5% of Si or the like has been disclosed; however, since 
the precipitation of CuS and the like has adverse influences on the magnetic properties, the content of Cu is limited to 
0.05% or less. 

[0019] In addition, as a technique which contain a larger amount of Cu than that described above, a method has 
been disclosed in Japanese Unexamined Patent Application Publication No. 8-295936 in which a non-oriented electrical 
steel sheet is manufactured from raw materials including scrap steel. In this technique, in order to reduce adverse ' 
influences on the magnetic properties caused by alloying elements (0.015% to 0.2% of Cu: 0.01 % to 0.5% of Ni: 0.02% ; 
to 0.2% of Cn 0 003% to 0.2% of Sn: and the like) contained in scrap, for example, measures are proposed in which 
the contents of V and Nb are limited, and in which the diameter of crystal grains after hot-rolled sheet annealing is 
controlled to 50 |xm or less. However, also for this technique, the above elements such as Cu are naturally disadvan- 
tageous, and a primary object of this technique is only to reduce the adverse influences of the above elements. In 
addition, the contents of Cu and the like thus disclosed are small. 

[0020] Furthermore, as steel which does riot contain Si, high-strength steel used for electric machinery has been 
disclosed in Japanese Unexamined Patent Application Publication No. 49-83613, the steel being composed of 1% to 
5% of Cu, 1% to 5% of Ni, and iron as the balance. According to this technique, after solution treatment-quenching 
and cold rolling are repeatedly performed for steel having the above cornposition, aging treatment is performed, and 
then steel having a high strength and a low iron loss can be obtained. However, degradation in iron loss caused by 
aging treatment has not been satisfactorily suppressed. 

Disclosure of Invention 

[Problems to be Solved by the Invention] 

[0021] As described above, in order to stably perform industrial manufacturing of ah electrical steel sheet which 
simultaneously has high strengths and a low iron loss, the conventional methods have not been satisfactory 
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[0022] In addition, an object of sufficiently increasing rotor strengths while superior punchabilities and a preferable 
iron loss are maintained .has not been- accomplished by the. above conventional methods. Jn particular, it has been 
believed that since the punchabilities degrade as the yield strength is improved, superior punchabilities and high yield 
strength cannot be simultaneously obtained. 

[0023] An object of the present invention is to propose a non-oriented electrical steel sheet capable of simultaneously 
satisfying superior magnetic properties and high strengths and a method capable of stably performing industrial man- 
ufacturing of the steel sheet described above. 

[0024] In addition, the present invention also proposes a non-oriented electrical steel sheet capable of achieving an 
object in which rotor strengths are sufficiently increased while superior punchabilities and a preferable iron loss are 
maintained and a method for manufacturing the steel sheet described above., . t>r; 

[Means for Solving the Problems] 

:h*> • 0 x o; J?*..0 my.; t-j <i£'!£.i ..r: a t civ:. - - ,.---v:.:ir-; A !,; > --i:.:':u:o:v . ■ 
[0025] In order to achieve.the above objects, the^nyentqrs of the present invention carried put. various investigations 
focusing on an age-hardeni ing phenomenon^ptsteel containing Cu, and as a/esultj means for simultaneously .obtaining 
a superior iron loss and. high £tren$hs^ r > ; v , '.rz^-^r. : 

[0026] That is, for example, as disclosed in Japanese Unexamined Patent Application Publication No. 60-238421 , 
fchasbeenj^ movement 
and r alsp^ byjhe 
inventors of the present invention, particularly J ri Si-containing steeji Cu, precipitates are Jiabje to. be, grown large ^ and 
coarse, and as a result, ft is difficult to avoid degradation in iron loss. 

[Q?27] -^qyveve^n spite pf^ inventors of the 

present invention newly found that when an, appropriate amount off Cu Js added 4o stee j,, f p Mowed, by agi ng treatment, 
very fine Cu particles having an average particle diameter of 1 nm to 20 nm cari be uniforimly precipitated in crystal 
grain interior, ancJ that the very fine precipitates thus obtained are very effective fo/Jmprpvement- in t strength i and in- 
addition,;do nqt substantially degrade the iron loss (hysteresis loss). *" V:' ■' : \^^f'^:^^^'. • 

[0028] Furthermore, it was also found that, as for this Cu precipitation, when Cu and Ni are; .added inXcq'm'b^natiprt, . 
since the amqpnt of precipitates generated in neat treatment in steel sheet manufacturing is remaftab^ high 
strengths and a low iron loss can be stably obtained.even under Wide annealihg;condit[ons.<A 
invention was finally made. M r.'vT/^^' - '.' nV 

[0029] In addition, the inventors of the present invention also succeeded in fonning'an electrical steel sheet which 
can impart high strengths to a rotor orthe like assembled therefrom while having superior punchabilities. That is, before 
a :PHnpNpj3^ strength 
is prepared, and aging treatment is perfdrmed right afterjhe/punching^^tep or. after "a rotor \o7 v the like is assembled, 
thereby improving strengths of a laminated core assembled from the above steel sheet. 
[0030] The aspects of the present invention are as follows. 

(1) A high-strength non-oriented electrical steel sheet having superior magnetic properties, comprises: on a mass 
percent basis, / V v ^ . '.. ■'■ V * 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

wherein the yield stress is not less than 'CYS '(MPa) represented by the following formula 1 : 

note 



CYS =1 80+5,600[%CK95[%Si]+50[%Mn]+3^ 

22d" 1/2 (Formula 1) 
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where d is an average grain diameter (mm) of crystal grains. 

(2) A high-strength non-oriented electrical steel sheet having superior magnetic properties, comprises: oh a mass 
percent basis, " ' /rv • . : *•' 

C: 0.02% or less (including 0%); : ; ■■'•»'■ 1 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; ■ ' 

P: 0.5% or less (including 0%); -- - 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

wherein a volume ratio of Cu precipitates in crystal grain interior is in the range of from 0.2% to 2%, and 
an average particle size of the Cu precipitates is in the range of from 1 to 20 nm. 
The average particle size of the Cu precipitates is obtained as a sphere-base diameter by calculation. Here- 
inafter, the average particle size will be represented in the same man ner as^ described above. 

(3) In the high-strength non-oriented electrical steel sheet having superior magnetic properties, according to the 
above (1 ), a volume ratio of CU precipitates in the crystal grains is in the range of from 0.2% to 2%, and ah average 
particle size of the Cu precipitates is in the range of from 1 to 20 nm. v r 

(4) An age-hardenable non-oriented electrical steel sheet having superior punch abilities and magnetic properties 
(iron loss), comprises: on a mass percent basis," 

C: 0.02% or less' (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); ' 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

Wherein, after aging treatment is performed at 500°C for 1 0 hours, the yield stress of the steel sheet is not 
less than CYS (MPa) represented by the following formula 1 : ». 

note 

CYS=180+5,600[%C]+95[%Si^ 

22d" 1/? (Formula 1) 

where d is an average grain diameter (mm) of crystal grains. 

(5) The non-oriented electrical steel sheet according to one of the above (1) to (4), further comprises at least one 
of Zr, V, Sb, Sn, Ge, B, Ca, a rare earth element, and Co as a component, 

wherein the content of each of Zr and V is 0.1% to 3%, the content of each of Sb, Sn, and Ge is 0 002% to 0.5%, 
the content of each of B, Ca, and the rare earth element is 0.001% to 0.01%, and 
the content of Co is 6.2% to 5% 

(according to the above (1) to (3), the high-strength non-oriented electrical steel sheet having superior magnetic 

properties is obtained, and according to the above (4), the age-hardenable non-oriented electrical steel sheet 

having superior punchabilities and magnetic properties is obtained). 

Instead of the.CYS -requi rem ent,. the non-oriented I electrical steel sheet according to one of the above (1) to 

(5) may satisfy requirement in which the tensile strength is not less than CTS (MPa) represented by the following 

formula 2: 



6 
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note 



CTS =5,600[%C]+87[%Si]+^ 
'' i J "' • ' • +2 2d" 1/2 +230 ' . (Formula 2) 

v, . * . ; where djs an; average grain diameter (mm) of crystal grains/. . . - ; > -.- : ; 

; , ; v. In theUn^|y|du % aj.jnye.ntlons^despribe^ above, the balance of the composition of the steel sheet is preferably 
. composed Fe v andJ,neyitableJmpurities;^ - : ...... ... . ....... - .... . >.,.■.*.,. ........ : 

J ;j r :ln,addition 5 ;in the indrviduaj inventions described above and preferable embodiments, Ni in an amount of 0.5% 
-iOIcmore.is^pre^ is significantly preferable: when the CTS. is defined, as the 

— requirement.;-* iK c a .o:fc ■-■ /. * • ■ n r>- ■.«-. v, : * - \ • 

-. (6) A method ^^manufacturing a high-strength non-oriented electrical steel sheet.having superior magnetic prop- 
erties, comprises the steps of: -.. ' . . ^ 

performing hot rolling of a steel slab containing on a mass percent basis;. } - 
C: 0.02% or less (including 0%); -. ;>< . ; : 

Si: 4.5% or less; - , . 

Mn: 3% or less; 

Al: 3% or less; :> .... .... \ / 

P: 0.5% or less (including 0%); '/ . ^ w ^v ^ >a taxO : H 

Ni: less than 6.5% (including 0%); and . • p:!*iu:.c*^«v./^- :j ' • - 

Cu: 0.2% to,4%; • " . ; 7 . \c^ ^ ^ ^ ^& 

Vte .i-ftsn:P£^^ a rolled steel. sheet tiayirigra finatsheetihickness, 

t D T then pejjpjrning finish annealing in which heatmg is performed to a Cu splid.solution temperature (temperature 

range of from the Cu solid solution temperature to 400°C is 1 0*C/s or mor^(and>^t h'.brud^ o!Vi<k*\ 
subsequently performing aging treatment at a temperature in the range of from 400 to 650°C. 

(7) A method for manufacturing a high-strength non-oriented electrical steel:sheeth 
erties, comprises the steps of: 

performing hot rolling of a steel slab containing on a mass percent basis/ -'c i . - ■ ■ : v- 

C: 0.02% or less (including 0%); . , ; > . ^ ^ 

Si: 4.5% or less; 

Mn: 3% or less; v . 

Al: 3% or less; . :x , 

P: 0.5% or less (including 0%); - .... . 

Ni: 0.5% to 5%; and 
. Cu: 0.2% to 4%, . 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, 
then performing finish annealing in which heating is performed to a Cu solid solution temperature + 1 0°C or 
more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 
ature to 400°C is 1 °C/s or more; and 

subsequently performing . aging treatment at a temperature in the range of from 400 to 650°C. 



(8) In the method for manufacturing a high-strength non-oriented electrical steel sheet, according to the above (6) 
or (7) ; instead of the "Cu solid solution temperature", Ts (°C) represented by the following formula 2 is used. 

Note 

Ts (* C)=3,351/(3.279-log 10 [%C])-273 (Formula 2) 



(9) In the method for manufacturing a high-strength non-oriented electrical steel sheet having superior magnetic 
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properties, according to one of the above (6) to (8), the steel slab further contains at least one of Zr, V, Sb, Sn, 
Ge, B, Ca, a rare earth element, and Co, 

wherein the content of each of Zr and V is 0.1% to 3%, the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, 
the content of each of B, Ca, and the rare earth element is 0.001% to 0.01%, and 
5 the content of Co is 0.2% to 5%. 

In addition, the compositions of the inventions according to the above (6) to (9) may be described in a different 
manner as follows. 

That is, in the case in which the steel slab composition described above contains Ni in an amount of 5% or 
less (including zero, that is, the case is included in which addition is not performed), when the cooling rate in finish 
10 annealing is set to 1 0°C/s or more in a temperature range of from the Cu solid solution temperature or Ts to 400°C, 

the object of the present invention can be achieved. Furthermore, particularly in the case in which the content of 
Ni is in the range of from 0.5% to 5%, even if the cooling rate described above is not limited to 10°C/s or more, 
the object of the present invention can be achieved as long as the cooling rate is set to 1°C/s or more. Of course, 
even when the cooling rate is set to 1 0°C/s or more, it is effective that Ni in an amount of 0.5% or more be contained. 

is 

(10) A method for manufacturinjg an age-hardenable non-oriented electrical steel sheet having superior puncha- 
bilities and magnetic properties, comprises the steps of: 

performing hot rolling of a steel slab containing on a mass percent basis; 
20 C: 0.02% or less (including 0%); ' • 

Si: 4.5% or less; 
Mn: 3% or less; 

Al: 3% or less; : < 

P: 0.5% or less (including 0%); 
25 Ni: less than 0.5% (including 0%); and 

Cu: 0.2% to.4%, 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final "sheet thickness; and 
then performing finish annealing in which heating is performed to a Cu solid solution temperature + 10°C or 
more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 
so atureto400°C is 1 0°C/s or more. 

(11) A method for manufacturing an age-hardenable nori-oriented electrical steel sheet having superior puncha- 
billties and magnetic properties, comprises the steps of: ' 

performing hot rolling of a steel slab containing on a mass percent basis, 
C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 

Al: 3% or less; ; ~ 

P: 0.5% or less (including 0%); 

Ni: 0.5% to 5%; and : 
Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, and 
then performing finish annealing in which heating is performed to a Cu solid solution temperature + 10°C or 
more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 
ature to 400° C is 1 °C/s or more. 

(12) In the method for manufacturing a high^strength non-oriented electrical steel sheet, according to the above 
(1 0) or (11 ), instead of the "Cu solid solution temperature", Ts (°C) represented by the following formula 2 is used. 

so ' - - r 

Note 

Ts (°C)=3,351/(3.279-log 10 [%C])-273 (Formula 2) 

55 

(1 3) In the method for manufacturing an age-hardenable non-oriented electrical steel sheet having superior punch- 
abilities and magnetic properties, according to any one of the above (11) to (12), the steel slab further contains at 
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least one of Zr, V, Sb, Sn, Ge, B, Ca, a rare earth element, and Co, 
: wherein the content of each of Zr and V is 0.1% to 3%, the content of each of Sb, Sn, and Ge isO.002% to 0.5%, 
. , , , the content of each of B, Ca, and the rare earth. element is p;dbl%'to'0.01%, and 

the content of Co is 0.2% to 5%V . . 1 ' 

[0031] In the inventions according to the above (10) to (JJ3), the age-Harden in g treatment described in the inventions 
according to the above (6) to (9) is not included. The reason for this is based on the concept in that, for example, the 
age-hardening treatment may be performed at a customer site in a process for manufacturing laminated magnetic 
cores and the like. However, the present invention described above is not limited to the use described above. 
[0032] The invention according. to the above (4) is also based on the same concept as described above: 

Brief Description of the Drawings 

. . Fig 'l is a dark field image of precipitated C*u partides observed using a scanning trans^ 
(STEM), in^ which the Cu particles are obtained by finish annealing of 1 .'8% £3i-1 .0, Cu steel, followed by aging 
treatment at 500°C r for 8 hours.^. r , . / t ; J\ { \ \ \; 

I Fig. 2 is.a graph .showing" the influence of a'cooling rate in finish annealing "on an jrbn loss obtained after aging 
treatment^, _ ^ ., r . ri ..^ ;s .^ > , v .-: i ., Vh t • : • ' ff ;I 

Ll"Fig;,3 is a gra|Dh sHowing the, injfjuence of a cooling rate in finish annealing' on the tensiie! strength' obtained after 
aging treatment. . • = • ■ . 



Best Mode for Carrying Out the Invention. 



[0034] Next, each of the elements of the present invention will be.described in detail. . . / v v ' ' * 

[36^ composition an^ 

descnbed. In the present, invention, % used for indicating the" steel composition is mass .percent unless otherwise 

c: 0.0^4, or less/ ; ..^ yv. ; ," it( \. x .". . "...7, ^ J ".'r • ! • : 7--''/. "v". - ■ 

[0036] ^ When the content of C is more than^O.02%, the iron loss is extremely degraded by magnetic aging, and hence . 
the content is limited to 0.02% or less. Alternatively, when the content is preferably sef ^to 6 6'1% or less or 6.005% or 
less, and is more preferably set to 0.003% or less, the degradation in iron loss caused by magnetic aging can be 
decreased to approximately zero. 

[0037] In addition, it may be ; C-free, that is, the content may be 0%; however, in general, 0.0005% or more of C is 

contained. ' . J " " T '~ ■ i, * aZ -- '" ; — ' •* :S 

> - . . - . t - . h J 1... :.: . : 

Si: 4.5% or less 



[0038] While being a useful deoxidizing agent, Si has a considerable effect of reducing the iron loss of an electrical 
steel sheet si nce v the electric resistance^ is increased . Furthermore, improvement" i h stren gth is performed by solid 
s^oiutibn strengthening. As a deoxidizing agent, when the* content is 0.05% br more, "the'e^ For 
reduction in iron loss' and for solid solution "strengthening, the content .is set jo 0.5% 'or more and is ni ore preferably 
set to 1^2% or more. However, when i the content is more than 4.5%, degradation in rolling properties of steel sheets 
becomes serious; and hence the content is limited to 4'.5% or less. More preferably, the' content is limited to 4.2% or less. 



Mh: 3% or less 



[0039]^ While being a useful element for improving strengths by solid; solution strengthening, Mri is also a useful 
element for improving hot brittleness, and the content is preferably set to 0.05% or more. However, excessive addition 
causes degradation in iron loss, and hence the content is limited to 3% or less. In addition /the content may be set to 
3.0% or less. The content of Mn is more preferably 2.0% or less, even more preferably 0*1% to 1 .5%, and still even 
more preferably 1 .0% or less. 
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Al: 3% or less 

[0040] Al is a useful element as a deoxidizing agent and is also useful for improving the iron loss. The content of Al 
is preferably set to 0.5 ppm or more and more preferably set to 0.1% or more. However, excessive addition causes 
5 degradation in rolling properties or degradation In punchabilities, and hence the content is preferably set to 3% or less. 
In addition, the content may be set to 3.0% or less. 

[0041] However, when the content Is 4.0% or less, since the degradation In rolling properties is not so significant, 
for example, in application in which punching processing is performed before age-hardening treatment, the upper limit 
. may be set to 4.0%. 
w [0042] In addition, the content is more preferably set to 2.5% or less. 

P: 0.5% or less 

[0043] Since remarkable capability of solid solution strengthening can be obtained by addition of a relatively small 
*5 amount of P, P is a very useful element for improving strengths, and the content thereof is preferably set to 0.01% or 
more. On the other hand, since excessive addition may cause embrittlernent due to segregation, grain boundary crack- 
ing and degradation in rolling properties occur and hence the content js set to 0.5% or less. In addition,, the content 
may be set to 0.50% or less. The content is more preferably 0.2% or less. \ . ;, _ 

[0044] On the other hand, when the content of P is positively decreased, the hot and cold rolling properties can be 
20 improved. From this point of view, the content of P may be less than 0.01 %. In this case, when it is possible, it may be 
P-free, that is, the content may be 0%; however, since P is inevitably contained in iron ore or molten iron as an impurity, 
the content is decreased by dephosphorization treatment in a manufacturing process. A decreased amount of P may 
be determined in accordance with dephosphorization treatment conditions, treatment cost, and the like, and in general, 
the lower limit of the content of P is approximately 0.005%. 

25 

Cu:0.2%to4% 

[0045] When fine Cu precipitates are formed by aging treatment, the strengths are significantly increased without 
any substantia) degradation in iron loss (hysteresis loss). In order to obtain the effect described above, the content 

30 must be 0.2% or more. That is, when the content is less than 0.2%, even when the other structural requirements 
(composition, manufacturing conditions, and the like) of the present invention are alt satisfied, a sufficient precipitate 
amount cannot be obtained. On the other hand, when the content is more than 4%, since large and coarse precipitates 
are formed, in addition to considerable degradation in iron loss, increase of strengths is reduced. Accordingly, the 
content of Cu is set in the range of from 0.2% to 4%. In addition, the upper limit may be set to 4.0% or less. 

35 [0046] The preferable lower limit is 0.3% and more preferable lower limit is 0.5%, 0.7%, or 0.8%. In particular, when 
the content is 0.5% of more, strengthening can be stably obtained. 

[0047] In addition, the preferable upper limit is 3.0% or less, and more preferably, the upper limit is 2.0% or less. 
Ni: 5% or less 

40 t _ ^ " ' "" 

[0048] Ni is not an essential element, and the lower limit may be 0%, that is, it may be Ni-free. In addition, even when 
a small amount of Ni is contained as an inevitable impurity, any problem may not occur. 

[0049] However, since Ni is a useful element for improving strengths by solid solution strengthening and for improving 
magnetic properties, the content is preferably set to 0.1% or more. 

45 [0050] In addition, when being added to Cu-containing steel as described in the present invention, Ni has an influence 
on the solid solution state and the precipitation state of Cu and has ah effect of stably forming very fine Cu precipitates 
by aging. That is, in Si-containing steel, in particular, in high Si-cbntaining steel, the growth of Cu precipitates is likely 
to be facilitated, arid due to this phenomenon, it has been believed that insufficient age hardening and degradation in 
magnetic properties are liable to occur. However, when Ni is present, the formation of large and coarse Cu precipitates 

so . is suppressed, and hence the effect of improving the capability of precipitation strengthening by aging can be easily 
obtained. As a result, the effect of improving strengths by Gu precipitation by aging can be significantly improved, or 
the range of required process conditions can be widened. In order to obtain this effect, the content is very preferably 
set to 0.5% or more: 

[0051] Furthermore, Ni has an effect of decreasing the number of surface defects of hot-rolled steel sheets, called 
55 scab (sliver), thereby increasing the yield of steel, sheets. TrVe effect described above can be obtained when the content 
is set to 0.1 % df more; however, as is expected) the content is preferably set to 0.5% or more. 

[0052] However, when the content is more than 5%, the various effects describee! above are saturated, and the cost 
is unnecessarily increased; hence,* the upper limit is set to 5%. In addition, the upper limit may be set to 5.0%. A more 
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. preferable upper limit Is 3.5%, and even more preferable upper limit is 3.0%. . , 

[0053] In addition, in order to obtain the various effects described above, a more preferable lower limit is 1 .0%. . 
[0054] .The basic composition of, the non-oriented electrical steel sheet of the present invention is as described above, 
and in addition to the above components, known. elements for improving magnetic properties, that is, Zr, V, Sb," Sn, 
5 Ge, B, Ca, a rare, earth element, and Qo, may also be added alone or in combination. However, the content thereof 
must be controlled so as not to degrade the object of the present invention, jn particular, r . 

asforZr and V, the content is 0.1% to 3%, or 0.1% to 3.0%, and preferably. 0.1 to2.0%. 
[0055] AsforSb, Sn, and Ge, . . . ..." . 

the content is 0.002% to 0.5%, preferably 0.005% to 0.5%, and more preferably 0.01 to 0.5%. 
to [0056] As for Ba, Ca, and a rare earth element, the content is 0.001 % to 0.01 %. 

[0057] As for Co, the content is 0:2% to 5%i or 0.2% to 5.6%, and preferably-0.2 to 3.6%. 

[0058] Since Co has a slightly higher strengthening capability, for example, in application in which punching process- 
ing is performed before age-hardening treatment, elements described above other than Co, that is, Zr, V, Sb, Sn, Ge, 
B, Ca, and a rare earth element, are proferably used alone or in combination. Since also being categorized as an 
e !£ m ent .for improving magnetic properties, Ni may be included in the group^ described above; however^ihe effect of, 
Ni Js Verrarkabfe as compared. to' thai 6 * t \. .V 

[Q0 5 , 9 J r , elements other than the elements descrified above, Fe (iron) and . inevitable impurities are preferably men-. . 
tipped, Asf or S and N as an inevitable jmpurity, the content thereof is preferably set to" approximately 6.01% or less 

20 ^S£l& ^? P?u^ ul ^ y$$$A residual^ouhf pf.'S Is large, since a CuS preci^ 

annealing is suppressed; thereby degrading the iron loss. Accordingly, the S content 'is preferably ^ set .to af mosf ap- ' 
proximately 0.02%. -•.-* : - 

t°0§1U.As another inevitable impurity, Q may be "mentioned, and the^content thereof .is. set to approximately 0 02%"*" 
ofless ar^'preferably set tbb:bl% or l§s S r ' v . " ' :i '< u ' , ' W ' :: 

25 [0062] |n addition, as inevitable impurities in a broader sense, for example, there are mentioned Nb;.Ti r and Cr, which,... 
nia jf be containedjn^some cases due to man ufactu ring. reasons,, and the.contents thereof are. preferablyset to-iipproxr • 
irhately Q?005% or Iessr6:005%. 'b>1ess^6.5% or less, .respectively. - •■*';^ : -;-v : **^ , ^^-;^^ fv«» f 

■.,i-,f;i.:. x<& r iry-r.: *. -5.^' • :^ ' .• • --v 



75 



30" 



45 



50 



[90^] >V j.J!?e §Hbject ; of the^pr.esent invention js 6asically "a 'tyon -oriented electf|pal f steel sheet regardless of whether it. 
KB^^^fy^f^^^^ tre^tment^ being a f errite single phase steej in general^ me^npi^oriehted^ 

ej^$&l'^ 

textiire •n^^oSi^M^i&fslg^iid wtthln iKeicope^bf the present invention; 'however,' thelron loss value is preferably'' 
35 small, andW^so is preferably set to approximately 6 W/kg or less; l^^*^;; / ^ . 

[0064] In addition, Cu precipitates which will be described below are substantially composed of Cu 'aionV; however/ 
when very fine precipitates are formed, Fe in a solid solution form may be contained in Cu precipitates. The Cu pre- 
cipitates also include the precipitates as described above. ' ** : *> .*■ : c " -= : ^ 

[0065] In some cases, depending on manufacturing conditions, large and coarse Cu precipitates may be observed 
40 in grain boundaries; however, as for the amount of precipitates and the average particle size thereof, the precipitates 
in grains/which practically contribute to the strengthening, are only regarded as the precipitates described above. 

[Texture and Properties of Steel Sheet before Age-Hardening Treatment] 



[0066] In the non-oriented electrical steel sheet of the present invention before age-hardening treatment, it is impor- 
tant that Cu in the steel sheet be present as the solute Cu in a sufficient amount in the steel. When a large amount of" 
fin ® pu precipitates is already present before aging treatment, the punch abilities are not only be degraded due to the 
increase in "hardness but also the increase in yield strength by aging treatment performed a^ 
small. Oh the other hand, when' large Cu precipitates are present in a matrix of crystal grain before aging treatment, 
besides the deterioration in iron loss, precipitation'of Cu during aging treatment occurs orP prWedehtVoa'rse r Cu p^'*' 
cipitates as nucleuses, and hence larger and coarser Cu precipitates are further formed. As a result, ttfe iron loss is 
further seriously deteriorated thereby. " ... \> r l 

[0067] When steel is used in which 0.20% to 4.0% or preferably 0.5% to 2.0%'of Cu is contaiped, by aging treatment 
at 50b°C for 10 hours, fine Cu precipitates having an average particle size of approximately 5 rlrn can be formed in 
55 steels In more particular," fine Cu precipitates having an average particle size of approximately i nm to 20 "nm^ the 
average particle size of the Cu precipitates being obtained as a sphere-base diameter, can be precipitated at "a Volume 
ratio of 0.2% to 2% with respect to the entire steel sheet. The detail will be explained in description about the steel 
sheet after aging. 
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[0068] As for the solute Cu before aging, the amount thereof is preferably 0.2% or more and more preferably 0.4% 
or more, 0.5% or more, or 0.8% or more. The upper limit of the solute Cu is naturally the content of Cu in steel, and 
the maximum amount of the solute Cu is equal to the maximum content of Cu. 

[0069] According to the formation of fine Cu precipitates described above, the yield stress can be increased by at 
least 1 00 MPa and by approximately 1 50 MPa under preferable conditions. In particular, when the Cu content is in an 
optimum range; such as in the range of from 0.5% to 2.0%, or preferably in the range of from 0.7% (0.8% or more is 
more suitable) to 2.0%, the yield stress can be increased by 150 to 250 MPa. 

[0070] According to the increase in strength as described above, yield stress YS (MPa) obtained after aging is pref- 
erably not less than CYS represented by the following formula 1 . 

CYS=180+5,600[%C]+95[%Si^ 

25[%Ni]+22d" 1/2 - (Formula 1) 



[0071] ' ' In this formula, the coefficient' of the term of each element indicates the amount of solid solution strengthening 
per 1 % of each element, and d indicates the average crystal grain diameter (diameter: mm). The measuremenrmethod 
of d is performed as follows. A cross section of a sample is etched by a nital etcharit or the like, the cross section being 
in the thickness direction along a rolling direction (a so-called rolling-direction cross section), and is then observed by 
an optical microscope. Subsequently, the average area of crystal grains is calculated from the observation field area 
and the number of crystal grains in the field. Next, d is defined as a circle-base diameter calculated based on the area 
of the crystal grains. " " 1 *i 
[0072] As the average crystal grain diameter d is decreased, higher strength can be obtained; however, the iron loss 
is "degraded. Accordingly, ip accordance with desired strengths and iron loss properties, the crystal grain diameter d 
25 is adjusted. Although depending on a desired iron loss level, an appropriate crystal grain diameter is generally approx : 
imately 20 to 200 um. 

[0073] By the strengthening as described above, for example, the yield stress of a laminated sheet formed into a 
rotor core can be increased to 450 MPa or more. The increase in yield strength by the mechanism described above 
will not cause any considerable degradation in iron loss (increase in iron loss value). For example, the amount of 
30 degradation in iron loss represented by W 15 /W5Q is 1 .5 W/kg or less, and when the Cu amount is relatively small, such 
as 3% or less, the amount described above is merely 1.0 W/kg or less. 

[0074] In addition, when the non-oriented electrical steel sheet of the present invention before the age-effecting 
treatment is processed by age-hardening treatment, the tensile strength (TS) (MPa) is preferably increased to not less 
than CTS represented by the following formula 3. The requirement described above can be approximately obtained 
when appropriate Cu precipitation* after aging is performed by controlling the composition range and the states of solid 
solution and precipitation of Cu as described above. 



CTS=5,600t%C]+87[%SG+15[%Mn]+70[%AI]+430t%P]+37[%Ni]+ 

22d~ 1/2 +230 (Formula 3) 

[0075] The meanings of the terms of the above formula are the same as those described in the formula 1 except 
that each of the terms relates to the tensile strength. 

[Structure and Properties of Steel Sheet after Age-Hardening Treatment] 

[0076] In the hon-briented electrical steel sheet of the present invention after age hardening treatment, it is important 
that Cu |n the steel sheet be finely precipitated in steel. Even when the solute Cu (n on -precipitated state) is present, , 
higher strengths cannot be achieved., dn the contrary, Cu precipitates, which are not finery formed in a predetermined 
dimensional range, not only degrade the iron loss but also have small contribution to the strengthening. Hence, it is 
important that without degrading the iron loss, Cu be allowed to be present as fine precipitates which are finely formed 
in, a predetermined dimensional range so as to. contribute to the strengthening. . , , r . . ? . .-, 

[0077], ^described above, a preferable, Cu precipitation state is that Cu precipitates ^haying an average particle- 
size," which list he sphere-base diameter described above, in the range of from 1 to 20 nm are formed J n crystal grain 
interiorat a vqlume ratio of 0j2% to 2%^with. respect to the entire steel sheet. In addition, the particle size of Cu pre-^ 
cipitates is preferably approximately 20 nm or le ^ 
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[0078] In general, when the volume ratio of Cu precipitates is high and the average particle size thereof is small, the 
average distance between particles is decreased. Hence, the increase in strength by aging becomes large.' However, 
although the volume ratio is high, when the average particle size is large, signfflcant increase in strength cannot be 
expected, and on the contrary, suppression of magnetic wall movement may occur by large and coarse particles in 
some cases. A volume ratio which can stably realize sufficient strengthening Is preferably in the range of from approx- 
imately 0.2% to 2%. In addition, the average particle size, which is the sphere-base diameter described above, is 
preferably in the range of from approximately 1 nm to 20 nm. 

[0079] In investigations carried out by the inventors of the present invention, the average particle. size (the sphere- 
base diameter described above) of Cu precipitates and the volume ratio thereof were obtained by the following meas- 
urements and.the statistical work^Howeyerj .as long as the same result can be obtained in a theoretical point of view, 
another method I may be used in. stead of the foMowing. methods. v . v * h \ ^ 

W??PJ ;\ -fSYSffil - im ?9. e ® .(daricfield images) of 4 a sample in a region,of approximately 400. by. 400 (nm) 2 were, 
photographed using, a.^ electron microscope, the thickness. of the sample.being measured be- • 

^C^^nd, precipitatedCu part by image processing and, from the .exterior appearance of each/ . 

particle, a circle-base diameter thereof was also obtained by calculation. Subsequently, assuming that the diameter 
th J5? 9 t ? ta i n ® d reRresented.the,spherical : base diameter of each particle, the volume of each particle was determined., 
[008.1]^ The recognition whether an observed particle.was a Cu precipitate or not was performed using an. energy 
dispersive ^ for, the scanning transmission electron microscope. -Specifically, a pre- >: 

cipjtate^ witfji .electron .beams. having a diameter of 1 nm or Jess, and'cpmpared to a'surrou riding . 

mattx-phose, the state jn -wh'ich, Cutis japparent^r ^ concentrated was. confirmed jDy the Ebx,$pectmm thusVobtained.", . .< 
[0082]i ^FrpmJndiyijd^ by jmage, recognition, the,ypjumf^ based-on the 

a ?? u ™R-?5- "fe^'lffi.^S^!: P^-^^^-llL^^-^^Bll^SS^!, shape, : thereby obtaining th£sum of t h e p a rti cle vo I umes N ext , - 1 he 
sum of the particle volumes was divided by the number of the particles, so that the, ^average yoi^e^w^ii^in^.^ 

a y^9f particle sjz^^ 



diameter.may.^ 

^l^?Hbed ^ove^used;.fc the^jameter described^above; the clrclejbase^. 

diarneter, mayjpe, usedior a tempora"ry,^ " 'tXT tt'Z * ? * ""-V^"'" 

[0084] In this v measurement, when the observation region was too thin, precipitated^partipjes may be ailpwed tpfaih 
^Wii^flH^ particles in the' image of a s^ 

miQro|cope b 

30 to 60 nm. In addition, a sample formed from Cu-containing steel for measurernent by : _a scanning transmission!:: 
electron; microscope, js .generally electrodeposited.wfth Cu atoms on the surface,, and.. by,~the> influence thereoVthe * 
amo " l ?? { ?! Precipitates tends to ^ overestimated. In order to avoid this influence, in the. observation, a sample pro©- 1 
es ?®S» ty^^ace ?' e , a - n i n 9 tr ? a ?W nt ; usi , n 9 . a £9° n Jons- was used. Fig. 1 shows an^example "of. a darkiield image of- a 
steel sheetcpnteining.1 ..8%.pf Sjand.1.6% ofCu processed by aging, according to the present Invention, photographed - 
by using a scanning transmission electron microscope, Particles shining whitejare Cu precipitated by the aging! 
f9?? t 5 l, I n . addition, as described above L the measurement of the amount of precipitates arid the average particle size 
were performed only for precipitates present inside grains. 

[0086] In addition, finer Cu precipitates further contribute to strengthening; however, when the particle size, of Cu in 
steel is.less than approximately Inm, the effect of increasing strengths is saturated, and in addition, it becomes difficult 
45 to perform measurement using a scanning transmission electron microscope. Accordingly, in some cases, such severe . 
product control becomes difficult. Hence, in view of industrial manufacturing, the average particle size is preferably 
controlled in the range of approximately 1 nm or more. 

[0087] On the other hand, when the average particle size is more than approximately 20 nm, the contribution to 
strengthening is decreased, and in addition, degradation in iron loss tends to increase; hence, the average particle 
50 size is preferably limited to not more than approximately 20 nm. 

[0088] In addition, the yield stress YS (MPa) of the steel sheet of the present invention after age-hardening treatment 
is preferably not less than CYS represented by the following formula 1 . 

55 ' CYS=180+5,600[%C]+95[%Si]+50[%Mn]+37[%AI]^5[%P]+ 

25[%Ni]+22d" 1/2 (Formula 1) 
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[0089] In addition, the tensile strength TS (MPa) of the steel sheet of the present invention after age-hardening 
treatment is preferably not less than CYS represented by the following formula 3. ...... 

CTS=5,6qO[%C]+87[%Si]+15[%M * , 

22d" 1/2 +230 (Formula 3) 

[Manufacturing Method] 

[0090] In order to manufacture a high -strength non-oriented electrical steel sheet having a superior iron loss, ac- 
cording to the present invention, first, steel melted to have the predetermined composition described above by a con- 
verter or an electric furnace is formed into a steel slab through continuous casting or blooming rolling following ingot 
formation. The composition of the steel slab may be the same as that of a targeted product steel sheet. ' 
[0091] Next, the slab thus obtained is hot-rolled and is then processed by hot-rolled sheet annealing whenever nec- 
essary. 

[0092] The hot-rolled steel sheet thus obtained (or hot-rolled annealed steel sheet) is processed by cold rolling once 
or at least two cold rolling including intermediate annealing to obtain a sheet having a product thickness. In this step;- 
instead of at least one bold rolling step, warm rolling may be performed. The above sequential steps are described by 
way of example, and the point is to obtain a steel sheet having the composition described above and a predeteirnined 
thickness as the sheet product through appropriate casting and processing steps. For example, the following process' 
may be carried out in which casting is performed to form a sheet having a thickness approximately equivalent to that 
of a common hot-rolled steel sheet, followed by heat treatment whenever necessary, and in addition, cold rolling or 
warm rolling may then be performed. 

[0093] According to the present invention, since strengthening is performed in a subsequent step without increasing 
the Si amount of a starting material, manufacturing can be performed by cold rolling instead of warm rolling. However, 
since having effects of improving texture and of improving an iron loss and a magnetic flux density warm rolling may 
be used. 

[0094] In addition, at least before final cold rolling (or before warm rolling; hereinafter, the same as above), means 
for preventing large and coarse Cu precipitates from remaining is preferably taken in order to obtain stable aging 
prbperties. When a great amount of large and coarse Cu precipitates remains before the final cold rolling, in a final 
annealing step which is subsequently performed, a treatment time for reliably turning the large and coarse Cu precip- 
itates into a solid solution form is increased. 

[0095] As the treatmentfor preventing large and coarse Cu precipitates from remaining, for example, a method may 
be mentioned in which a coiling temperature in hot rolling is set to approximately 600°C or less and preferably set to 
approximately 550°C or less. 

[0096] As another method, a method may be mentioned in which after hot rolling and before final cold rolling, an- 
nealing such as hot-rolled sheet annealing or intermediate annealing is performed under predetermined conditions. In 
this annealing, trie large and coarse Cu precipitates are turned into a solid solution form by heating to a Cu solid solution 
temperature + approximately 10°C or more,' followed by cooling in which a cooling rate in the range of from the Cu 
solid solution temperature to 400°C is approximately 5°C/s or more. 

[0097] As the Cu solid solution temperature, a temperature at which Cu in steel is substantially and sufficiently turned 
into a solid solution form may be calculated from thermodynamic data, or the temperature may be confirmed by ex r 
periments whether Cu in steel is substantially turned into a solid solution form. v 
[0098] As one example, according to "Das Kupfer-Eisen Zustandsdiagramm im Bereich von 650 bis 1 ,050°C U (G. 
Salje and M. Feller-Kniepmeier; Z. Metallkde, 69 (1978) pp. 167 to 169), the Cu solid solution temperature can be 
approximately obtained by the following formula 2. 

Ts(°C)=3,351/(3.279-loig 10 [%C])-273 (Formula 2) 

Accordingly, in the hot-rolled sheet anneaiing described above, after heating is performed to Ts + approximately 10/C 
or more, cooling may be performed at a rate of approximately 5° C/s or more in the range of from Ts to 4u0°C. in this 
formula, [%Cu] indicates the content of Cu in steel on a mass percent basis. 

[0099] The cooling rate indicates an average cooling rate in the temperature range described above. 

[0100] When the annealing treatment is performed under the above conditions, a coiling temperature in hot rolling 

is not specifically limited. Of course, while the coiling temperature is set to approximately 600°C or less and preferably 
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approximately 550°Q or jess, the annealing treatment described above may also be performed. 
[0101] As the annealing treatment, in general, hot-rolled sheet annealing can be advantageously performed in terms 
of cost. In addition, after hot-rolled sheet annealing is performed under the conditions described above, intermediate 
annealing may . be performed under the conditions similar to. those of the above hot-rolled sheet annealing so that the 
large and coarse Cu precipitates are reliably turned into a solid solution form. : * 

[0102]. ; For the steel sheet having a product sheet thickness processed by cold rolling, warm rolling, orthe like, finish 
annealing is performed. Furthermore, after. the finish annealing, whenever necessary, an insulating film is applied, 
dried, and baked. ■ v . ; f . s •. ., , 

[0103] ;)n addition, whenever necessary, component adjusting treatment such as decarburization annealing, silicon 
deposition, or the like may be perforTned,- for example, before finish annealing .c — : - - ^ . 

[0104] . : In order to turn Cu into a solid solution form in the finish annealing described above, the.annealing temperature ■"' 
is set to {a Cu solid solution temperature -b approximately 1 0°C} or more. When the annealing temperature is less than 
(a Cu solid solution temperature + approximately 10°C), large and coarse Cu precipitates present- before annealing 
and Cu precipitates which are formed in a process of the finish annealing remain. in a product, and as a result, 5 the iron; 
loss isdegraded. In addition, in subsequent aging annealing, since so|ute Cu is consumed for the growth. of the large.- 
and coarse Cu precipitates, the amount of the sojute Cu itself also becomes insufficient, and hence high strengths 
cannot be obtained by age-hardening. ,.. * - 

[01 05] Dr . Instead of a practical ,Cu solid solution temperature, for example, Ts obtained by the following approximate 
formula 2 can be used as described above. , c , : 

r " Ar, r ' v • ' " " ' ' ' fs^^ " '-' ' - ' ; . >: . ^ (rtrmu^2) 

[P106];^ When Cu jsjonly contained, and' Nj is not contained, in particular, in the case of a steel. sheet containing less : 
thaap.5% ptlSlj.(lncludin of Cu<in a.cooling step of finish annealingfcooling 

is performed at ^r^^of apprp^ iffom .the ;Cu;solid: solution temperature , (or >Ts) toUpotC: In r. 

addition, in a temperature range of from anvan pealing temperature or 900° C (whichever is lower) to 4pp^Cr the* cooling: 
rateJs also |Drefejably setto^approximately 1 0?,C/s -or more.. : iijy.i^xfO r ^ e?r? $:a^£q:^v> ^r: ,'hn>:' 

[01 07]- f. When the cooling ratejs less than approximately 1 0°C/s, since Cu is also precipitated in a'iarge. and coarse- 
form,- the iron rlpss js. degraded, and jn. additjpn, even jri subsequent .age-hardening^sufficient increase in strength - 
cannot be obtainecL In addition, due tp^rerprecipitation of Cu, the yield. strength is increased,. and hence the-puncha-- 
bilities are degraded:-, - Cj ■ 4£sJ -..^s ? ■=/ v^^v^rc; .-. > ^cav^.r ^..co^b:; ^^yioic^ rr.o •» - 

[0108] On the other hand, in the case in which 6.5% or more of Ni is contained together with Cu, when the cooling 
rate in the temperature range described above is approximately 1°C/s or more, formation of large and coarse-precip- 
itates can be suppressed in cooling, and in subsequent aging treatment, without causing considerable degradation in 
iron loss, sufficient increase in strength can be obtained. In addition, since the strength before aging treatment can be 
maintained small, the punchabilities are also superior. That is, when aging treatment is performed for steel containing 
both Cu and L Ni, compared to the case in. which Ni.is not contained, stable properties.can.be obtained under more, 
various fjnish annealing conditions. •.. .-; ... , a -. vl- - t .. V : *- : : . 

[0109] Accordingly, in a steel composition containing 0.5% or more of Ni,.in a cooling step. of finish. annealing, the 
cooling rate in.the temperature range of from the Cu solid solution temperature (or Ts) to 400°C_is set to approximately 
1°C/s or more. In addition, in the temperature range of from the annealing temperature or.900°C (whichever is lower) 
to400°C, the cooling rate is also preferably set to approximately 1°C/s or more. 

[0110] . In the present invention, it is preferable that a steel texture after finish annealing be substantially a ferrite 
single phase. When martensite transformation orthe like occurs in part of the texture during cooling, due to fine crystal 
textureformation or residual strain generated in the transformation, the magnetic properties are degraded.Jtis difficult 
to totally eliminate the adverse influences described above in subsequent age-heating treatment; : ; 
[9111] . In order to make a steel texture into a ferrite single phase, in cooling in the temperature range of from the Cu 
solid solution temperature (or Ts) to 400°C, excessively rapid cooling is preferably avoided. Although a particular cooling . 
rate depends on the steel texture, in general,, approximately 50°C/s or less is preferable. In addition, more preferable 
cooling rate is less than 30°C/s. : ■ \ • 

[0112]- In the present invention, the cooling rate described above, indicates an average cooling rate in the above 
temperature range. 

[0113] Primary objects of the finish annealing described above are to remove strain caused by rolling and to obtain 
a more appropriate crystal grain diameter by recrystallization for obtaining necessary iron loss properties. The appro- 
priate crystal grain diameter is generally in the range of approximately 20 to 200 u/n as described above, and in order 
to obtain this crystal grain diameter, the temperature of the finish annealing is set to approximately 650°C or more and 
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preferably set to approximately 700°C or more. On the other hand, when the annealing temperature is more than 
approximately 1 ,1 50°C, large and coarse grains are formed, grain boundary cracking is liable to occur, and degradation 
in iron loss is increased concomitant whit oxidation and nitridation of a steel sheet surface. Accordingly, the upper limit 
is preferably set to Approximately 1 ,150°C. 
5 [0114] In the finish annealing, a holding time for the heating temperature described above is preferably set to 1 to 
300 seconds. 

[0115] A steel sheet manufactured in accordance with the conditions described above is a steel sheet having the 
features described in [Texture and Properties of Steel Sheet before Age-Hardening Treatment], a sufficient amount of 
the solute Cu, and small amount of large and coarse Cu precipitates. 

10 [01 16] In addition, preferably, by age-hardening treatment at least at 500°Cfor 1 0 hours, a steel sheet can be obtained 
having a strength not less than CYS (formula 1) or CTS (formula 2) described above and small decrease in iron loss. 
[0117] The steel sheet of the present invention placed in this state has a small yield strength (primarily depending 
on the Si content, when the Si contents are 0.3% and 3.5%, the strengths are approximately 200 and 450 MPa, re-' 
spectively), and hence the punchabilities are superior. 

15 [0118] The steel sheet described above is. subsequently processed by aging treatment. This aging treatment may 
be performed at any time, for example, before coating and baking of ah insulating film, after baking thereof, or after 
machining such as punching. Of course, in view of the punchabilities, it is preferable that shipping of the steel sheet 
be performed before aging and that aging treatment be performed at a customer site after punching; however, aging 
treatment may be performed in an optional step before shipping so that a steel sheet having a high strength and a low 

20 iron loss is to be shipped. * ^ - 

[01 19] In assembling a rotor using the non-oriented electrical steel sheet of the present invention, for example, aging 
treatment may be carried out for punched non-oriented electrical steel sheet for laminating, or carried out for laminated 
rotor core. 

[0120] In aging treatment, even when the treatment condition is not limited to the condition at 500°C for 10 hours 
25 used as the index described above, as long as the following conditions are satisfied, distribution (average particle size 
and volume ratio) of the preferable fine Cu precipitates described above can be obtained. In addition, without seriously 
degrading the iron loss, strengths not less than CYS (formula 1) and CTS (formula 2) can be obtained. 
[0121] ■■: The aging treatment is performed ait a temperature in the range of from approximately 400 to 650°C. That is, 
when the temperature is less than 400°C, precipitation of fine Cu becomes insufficient, and as a result, high strengths 
30 cannot be obtained. Oh the other hand, when the temperature is more than 650°G, since large and coarse Cu precip- 
itates are formed, the iron loss is degraded, and the increase of strength is reduced. A more preferable temperature 
range is from approximately 450 to 600°C. Although depending on the treatment temperature, a suitable aging time 
is from approximately 20 seconds to 1 ,000 hours and preferably approximately 10 minutes to 1 ,000 hours. 

35 [Examples] 



Example 1 

[0122] Steel having the composition shown in Table 1 and containing the balance being iron and inevitable impurities 
40 was melted in a converter, followed by continuous casting, thereby forming a slab. Next, this slab was formed into a 
hot-rolled steel sheet having a thickness of 2.2 mm by hot rolling and was then coiled at 500°C. 
[0123] After this hot-rolled steel sheet was formed into a cold-rolled steel sheet having a final thickness of 0.5 mm 
by cold rolling, final annealing was performed under the annealing conditions shown in Table 1 . In this step, the average 
cooling rate from Ts calculated from the formula 2 to 400° C was set to 20°C/s. In addition; the cooling rate in the range 
45 from 900°C (annealing temperature for steel No. 8 and 1 0) to 400°C was approximately equivalent to that described, 
above. * 

[01 24] Subsequently, an insulating film was formed. The composition of the steel sheet thus obtained was the same 
as the slab composition shown in Table 1. > , 

[0125] In addition to measurement of the average grain diameter d of the steel sheet (before aging), the iron loss 

50 W 15 /W5o (1), the punchabilities, the yield stress YS (1) were evaluated. * ^ " 

[0126] Next, after aging treatment was performed for the steel sheet at 500°C for 1 0 hours, the properties after the 
aging treatment were evaluated by the iron loss W 15 yw 50 (2) and the yield stress YS (2). Furthermore, a sample was 
obtained from the steel sheet, and the precipitate amount (volume ratio) of Cu precipitates and the average particle- 
size thereof were evaluated by observation using a scanning transmission electron microscope; 

55 [0127] In this evaluation, as described above, the average crystal grain diameter d was obtained as the circle-base 
diameter by observation of a cross section of the steel sheet using an optical microscope. In addition, the iron' loss 
was measured in accordance with JIS C2550 by an Epstein method using samples obtained along the rolling direction* 
and direction perpendicular thereto, the number of samples in the individual directions being equal to each other.- In 
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addition, the punchabilities were measured by the number of ring-shaped samples (outside diameter of 20 mm x 
outside diameter of 30 rrim) punched out from the steel sheet at which a burr height thereof reached 30 jim. The yield 
strengths were measured along the rolling direction and the direction perpendicular thereto of the steel sheet using a 
tensile test (at a cross-head speed of 1 0 mm/min) and were averaged as the yield strength- 

[0128] (ri addition, the evaluation of Cu precipitates was performed by observation using a scanning transmission 
electron microscope as described below. A sample in the form of a flat sheet for the observation by an electron micro- 
scope was obtained from a central portion of the steel sheet in the thickness direction, the flat sheet being parallel to 
the rolling direction, and was then processed byie I ectrolytic polishing using . a peroxy acid-methanol base electrolyte 
to form a flat sheet having a smaller thickness. Next ^ for cleaning a surface of the^sample.thus obtained, sputtering 
was performed for 5;minutes using argon-ions for sample preparation., The obseivatiorv was" performed by a scanning 
transmission mode irv which* electron beams fnm or less in diameter was scanned In an^bbservation field; and three 
dark fields per each were obtained in which the precipitates were easily recognized. When the observation region is 
too thin, a falling speed of precipitated particles is increased, and when the region is too thick, precipitated particles in 
the image of;a scanning jtrarismiss ion electron, microscope. become difficult to recognize; hence; the thickness of the 
sample in the obseryation region* was set in the range of from 30 to 60 nmJnlthis measurement, th example thickness 
was estimated from a* spectrum of electron energy loss. For all the dark field images~bf 400 rfm by40q nrh thus obtained, 
particle recognition of Cu precipitates was performed by image processing, and the amount of precipitates was calcu- 
lated using the vglumeratio of tj^^jumeof all precipitates to the volumejrf the scope which was observed. In addition, 
from the average precipitate volume obtained from the volume of all precipitates divldedby the number ( of recognized 
particles,;thejsprierej:base djameterpf the, precipitates was; obtained as the average ^particle size? ^. 
[0129] The evaluation results are shown in fable 2:- * * ~ - * - 
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[0130] As shown in Table 1 , all steel sheets having the compositions controlled within the scope of the present 
invention had a high strength and a superior iron loss after aging. In the steel of the present invention, the amount and 
the average particle size of Cu precipitates, which functioned as the strengthening factors, were within the scope of 
the present invention. In addition, according to the steel of the present invention, by age-hardening treatment, the yield 
strength was Increased by 150 MPa or more, and in addition, the Iron loss was decreased by 0.5 W/kg or less. 
[01 31 ] In addition, the tensile strength of all the steel sheets of the present invention after aging was not less than CTS. 
[0132] On the other hand^ in conventional steel (comparative example: No. 10) having a low Si component and 
conventional steel (comparative example: No. 11) having a high Si component, although a superior iron loss could be 
obtained, the strength was inferiorto that of steel of the present invention containing an equivalent amount of Si to that 
of the steel mentioned above. In addition, steel (comparative example: No. 7) containing excessive Cu had a poor iron 
loss before aging and a small increase in strength after aging as compared to steel of the present invention containing 
an equivalent amount of Si to that of the above-mentioned steel. 

Example 2 '\ _ 



[0133] Steel having the composition shown in Table 3 was melted in a converter, followed by continuous casting, 
thereby forming a sfab. In all the slabs thus obtained, the balance was iron and inevitable impurities. . 
[0134] Next, after the slab was formed into a hot-rolled steel sheet having a thickness of 1 .8 mm by hot rolling and 
was then coiled at 500°C, hot-rolled sheet annealing was performed at 800°C for 5 hours for this hot-rolled steel sheet 
20 thus obtained, and subsequently, by a single cold rolling method, a cold-rolled steel sheet having a thickness of 0.35 
mm was formed. 

[0135] Furthermore, final ^ annealing was performed for this cold-rolled steel sheet thus obtained under the annealing 
conditions shown in Table 4,' and after an insulating film is formed; aging treatment shown in Table 4 was further 
performed. In this Table, the cooling rate was the average cooling rate from Ts calculated from the.formula 2 to 400°C. 

25 [0136] The composition of the steel sheet was the same as the composition of the slab. In addition, the cooling rate 
in the range of from the temperature of finish annealing to 400°C was approximately equivalent to that shown in Table 4. 
[01 37] As was the case of Example 1 - t the average crystal grain diameter d, the iron losses W^g/W^ and yield stress 
YS (MPa) before and after aging, and the amount (volume ratio) and the average particle size of Cu precipitates after 
aging treatment were evaluated for the steel sheets thus obtained. The results are shown in Table 4. 

30 [0138] Asshown inTable4, in the steel sheets which were each controlled so that the steel composition, the finish 
annealing conditions, and the aging conditions were within the scope of the present invention, the amount and the 
average particle size of the Cu precipitates were within the specified range, and steel sheets (after aging) having a 
superior iron loss and a high strength could be obtained. 

[0139] The steel sheets of the present invention all had a tensile strength not less than CTS after aging. In addition, 
35 in ail the steel sheets of the present invention, by age-hardening treatment, the yield strength was increased by 150 
MPa or more, ant the iron loss was decreased by 0.7 W/kg or less. " 

[0140] However, in conventional steel b and d (comparative examples; Nos. 10 and 19) which ,contained no Cu, 
although a superior iron loss could be obtained, a high strength by Cu precipitation can not be obtained. 
[0141] In addition, when the temperature of finish annealing is too low (comparative examples: Nos. 1 and 11), since 
^o Cu in a solid solution form is not sufficiently formed in annealing, the amount of Cu precipitates by aging became 
insufficient, and as a result, a high strength can not be obtained. In addition, when the cooling rate of the finish annealing 
is too low (comparative examples: Nos. 4 and 14), since the size of Cu precipitates was large, the iron loss was de- 
graded,. and in addition, a high strength can not be obtained. 

[0142] Furthermore, when the aging temperature was too low (comparative examples: Nos. 5 and 15), since the 
amount of Cu precipitates was insufficient, a high strength could not be obtained, and when the aging temperature 
was too high (comparative examples: Nos. 9 and 1 8), since large and coarse Cu precipitates were considerably formed, 
the iron loss was degraded, and a high strength could not also be obtained. 
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Example 3 

[0143] Steel slabs were prepared containing 3% of Si, 0.2% of Mn, and 0.3% of Al as base components and containing 
various amounts of Cu and Ni. The compositions of the steel slabs are shown in Table 5, and the balance thereof was 
iron and inevitable Impurities. ' / .yt v , : V "} ; ": ..* .-, : v" ~ r '■: \ ."- •;. •_. J: 

[0144] The slabs Were each processed byjhqt ; Toliing to form a "sheet having a thickness of 2.0 mm and were then 
coiled at 550°C. Subsequently, hot-rolled sheet annealing was performed 'at 1 f, 000 °C for3 tOO seconds or was not 
performed. Cooling after the hot-rolled sheetannealingw^ at aniaverage^ cooling rate of 20°C/s in the 

range of from at least Ts (obtained*^ - v 

[0145] Subsequently, pickling .and cold rol li n'g ; f on f orming^ a steel ;sheetTmving(' a tf msh sheetlhTckness of 0.35 mm 
were performed.? Furthermore, after finish annealing' was performed In which/ a hplcling temperature of 950° C was 
maintained fbr-30 seconds,, cooling . was performed at-a cooling -rate -of 6°C/sJn;aJemperatiTre.range of from 900 to 
400°C. The cooling rate' ii^tHe rarige^ of from JTs'tcf 400^ equivalentto^hat.described above. 

[0146] Next; after afn insulating film; was applielctahd bakedf heating was performed 

[01 47] The average crystal grai^jiai^eter^e iron los^properties, and the mechanical properties of the steel sheets 
thus obtained.were.evaluated..The compositions "of the steel sheets were approkimatelyTequivilent to those of the 
respective slabs^The iron Joss wasfmeasured^ using samples pbtainid a&ng the rolling direction 

and direction pejpenSfcular tr|ereto, ; the numEte^pf^^'^l^iri the" i n dividual -direct tons' being'e^uSl'to each other. The 
mechanical properties were measured] using^amples oBtaih along the rollirig'directioh ahdthe direction perpendic- 
ular thereto, a^nd the evaluation w of the individual 
investigations v^re;Weisa^eras;mpse describe^ . TheTesujtsjafe;s^ 

[0148] . In" additio^ by known solid 

solution stren^he™ following steel sheets 

were experimentally fomnedf . JiA^f^fi^ " • ..' ■ ' 

[0149] TTia|'is£as an example jn thk sol^^ubpn hot-rolled and, then 

processed by hot-folled ; sheet ? annealing at 9§qf(D^of 30 > seconds/ and warm rollingAvas then-performed at 400°C to 
form a steel sr^eet; haying a. thickness of Q.35|mn^fo g50? ; C fp^30 seconds/As shown in 

Table 6, the steel slab descHbed-above containeei>p 602%tof 6, 4.5%'of Si, p 2% 6f MnV 6.01 % of P, 0.6% of Al, 1 0% 
of W, 1 .0% of Mp,jand the balance being iror^ 

[0150] In additiori^as an example in tAaft^^^i^^pJuRf J$$^g0^|sn1ri£| ancj grain-refiningtstfengthening were used, 
steel was hot^rplfe^an^fhen cold^ojled to form a^steel sheet havihg a thickness of 0,35 mm r followed by finish annealing 
at 800 b C for3p>m^dB^-6hcAm in Tabir6r^ above contained . 0.005%] of Q, 3% of Si, 0.2% of 

Mn, 0.05% of Pr4:5%"of Nirand'the bal^ impurities/^ ! J ° j 2 j. 

[0151] Furthermore, as^an example in that^ecip^^^ was used, steel was hot-rolled 

and then cold^rolled to form ; a steellshpet having &thjc)^ finish^an healing at 750°C for 30 

seconds. As shown in Table 6^the,steel described ab^ 0.2% of Mn, 0.02% of P, 

0.65% of Al, 0.6p3%.ptN, 0^1_8% r of Nb, o!o2^pf Zr; r an;a^e:.balajice being iron and in eyitabje 1 impurities. 
[0152] In all the examples describee! above; aging treatment was not performed. - ! " \ 
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[01 53] Steel sheets Nos. 7 to 1 4 according to the present invention obtained a significantly high strength while having 
superior magnetic properties approximately equivalent to those of steel sheet No. 1 which was a comparative example 
having the base composition.. Furthermore, >ven . when being compared to steel sheets Nos. 15 to 17, which were 
conventional high-strength electrical steei;sheets, .the steel sheets described above had a significantly low iron loss or 

s a high magnetic flux density, and the compatibility- of strength and magnetic properties was superior. 

[0154] In addition, in all the steel sheets pfiKepfesent invention, the yield stress after aging was not less than CYS. 
In addition, according to all the steel sheets of the present invention, the volume ratio of Cu precipitates was in the 
range of from 0.3% to 1 .9%, and the average particle size was in the range of from 1 .5 to 20 nni. Furthermore, in the 
steel sheets of the present invention, by .age-hardening treatment, the yield strength was increased by 150 MPa or 

10 more, and the iron loss was decreased by 1 .0 jW/kg or less. . " 

Example 4 7 L .',.7 

[0155] Steel C of a comparative example and steel J of an example of thepresent invention shown in Table 5 were 
15 sequentially. processed by hot rolling into a sheet having a thickness of 2.0 mm, hot-rolled sheet annealing at 1 ,000°C 
for 300 seconds, cooling under the same conditions as those In Example 3, pickling, and cold rolling into a sheet having 
a finish sheet thickness of 0.35 mm. Furthermore, finish annealing was performed in which a holding temperature of 
950°C was maintained for 30 seconds, followed by cooling in a temperature range of from 900 to 400°C at an average 
cooling rate which was changed in accordahce^with various conditions shown in Table 7. In this case, the average 
20 cooling rate in a temperature range of; from ,Ts (obtained from the fonrTula^tp 400°C was approximately equivalent 
to that described above. v .U^vicvJ '■- f ■„ .\ • *' ± ■ \ S'j 

[0156] Subsequently, an insulating film was ;applied'ariicl baked, thereby! forming an annealed steel sheet. The an- 
nealed steel sheet thus obtained Jwas processed ! by Heat treatment at 550°C for 5 hours for aging. The average crystal 
grain diameter, the iron loss, andthfei™^ obtained were evaluated. The details 

of the individual investigation were the same as tKpse described in Example 1 . In addition, the composition of the steel 
sheet was approximately equivalent t^ {' 
[01 57] The results are shown in Tabl§ ^arfd ; Figs^2 kriti 3.; : v : ~ ;? ; ; 
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[0158] As can be seen from the table and figures, steel C showed superior magnetic properties and a high strength 
at a relatively high, cooling .rate (steel sheets Nos. 18 and 19) of 10°C/s or more; however, at a cooling rate of 10°C/s 
oriess, the iron loss was degraded, and the strength was liable to decrease. On the other fta'rid, in steel J of the example 
containing an appropriate amount of Ni in addition to Cu, as can be seen from the results of steel sheets Nos. 22 to 
25, superior. magnetic properties and a high strength could be stably aricl simultaneously obtained under various cool- 
ing-rate conditions. . \ r -V V !h : : .; .; 
[0159] In addition, the yield stress after aging of all the steel sheets of the present invention was not less than CYS. 
In addition,, in all, the steel sheets of the present invention, the volume. ratid,ot Cu precipitates was.0.6% to 1.2%, and 
the average particle size thereof was in the range of from 5 to 15 nm. Furthermore, in all the steel sheets of the present 
invention, by age-hardening treatment,, the yield strength wasJncreased by; 1 90Jv1Pa or more, and in addition, the iron 
loss was decreased by 0.4 W/kg or less: * ~ ' ' ^i*"!'" \ ;1: • 

Example 5 ! ., ; «. . .. ' ; ( c j r ; j... jv v- ; . 

[0160] Steel haying thevcom position shqwn in Table 8 and the balance |being jr6n !ahd. inevifabje impurities was 
sequentially processed by hot rolling into a sheet having a thickness of 2.qiTim; followed byLhbt-rojled sheet annealing 
for 300 secondsjatja tenpe'ratuje shown j 9 or by non-annealing J Subsequently, cooljn£ under the same con- 

ditions as those in Example 3 was performed, arid pickling and cold roljingjwejethen^p as to form a sheet 

having a predetermined thickness. ! ;■ % rm ■ j j j j " ■! j } . ' ; ■' 

[0161] Furtheim6re; r fim was .performed in which a constant temperature shown in Table 9 was main- 

tained for 30 seconds, fqllowed^by cooling in a tejnperature range of from 9b0 k t6 } 400 o C at an average cooling rate of 
6°C/s. In this caseythe average copling rate itfa'temperatu re-range of from Is (obtain ed.fro^ 2) to 400°C 

was approxjmateiy ; eg u iyalent j to th at described above . j^j- . j ,| \ : : [".■{ 

[0162] Subsequently an insulatTng film therelpy^ The annealed 

sheet thuslobtaipe^ at a temperature*^^ for aging. 

[01 63] Th£ %vera^e^ry|ta1 Jgram]diam^er| tjffe^irbn loss, and the mechanical-p^rd thus ob- 

tained wer&Wa)^ in Table 9 .In addifii^ of trie steel sheet was 

approximately.^ From TabG ^?? rt w'^ individual 

steel sheet'"grades|haye-supen^ magnetic properties- and significantly^ ighjitri^ 

[0164] In addition ^the 'yj^ld stress after a'ging of ail the steel -sheets ptthe-pres^ less than CYS. 

In addition, 5 jnjthe steefsheets of the present invention, the volume ratio ofCupr^ 0^9%, and the 

average particle size ^hereof was in the range of from 3 to 8 nrn. FurtHerm^ of the present 

invention, by age-hard^ strength was Jncreased by "150 MPaqr moreVandJn; addition, the iron 

loss was decreased by 0.4fW/kg or less. - -} — f--| — j~ f-i — 
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Industrial Applicability 



[01 65] According to the present invention, an age-hardenable non-oriented electrical steel sheet can be obtained in 
which superior punch abilities and a superior iron loss can be simultaneously achieved and in which strengths are 
significantly increased by aging treatment. ' :c <* 

[0166] In addition, according to the present invention, an electrical steel sheet having superior magnetic properties 
and high strengths can be stably provided: * A ' J v : 4 '* * : J " - • * ' - J 5 

[01 67] From the steel sheets described above, rotors having high strengths and high reliability can be efficiently and 
economically manufactured, the rotors being used for high speed motors and magnet-embedded type motors. 
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Claims 

1. A non-oriented electrical steel sheet comprising: oh a mass^percent basis, 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 



wherein the yield "stress is' not less than CYS (M Pa) represented by the following formula 1 • ~ ^ 



note 



, , CYS =1 8p+5,600[%C]+95[%Si]+50[%Mn]+37[%AI]^35[%P]+25[%Ni]+ 



22d.- 1/2 



(Formula 1) 



where d is an average grain diameter (mm)^ of crystal grains. s * 

2. . A non-oriented electrical steel sheet comprising: on a mass percent basis, 

C: 0.02% or less (Including 0%); . ' _ . 

Si: 4.5% or less; / _ s . %< s . : *\ 

Mn: 3% or less; . . . . . * ^ ' . ^ 

Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

wherein a volume ratio of Cu precipitates in crystal grain interior is" in the range of from 0.2% to 2%, and 
an average particle size of the Cu precipitates is in the range of from 1 to 20 hm. 

3. A non-oriented electrical steel sheet comprising: on a mass percent basis, 

C: 0.02% or less (including 0%): 
Si: 4.5% or less; 
Mn: 3% or less; 

AT: 3% or less; - 
P: 0.5% or. less (including 0%); 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 



29 



EP 1 580 289 A1 



wherein the yield stress is not less than CYS (MPa) represented by the following formula 1 , 
a volume ratio of Cu precipitates in crystal grain interior is in the range of from 0.2% to 2%, and 
an average particle size of the Cu precipitates is in the range of from 1 to 20 nm: 

note 

CYS =1 80+5,600[%C]+95[%Si]+50[%Mn]+37[%AI]+435[%P]+25[%Ni]+ 

22df 1/2 * - ■ (Formula 1) 

where d is an average grain diameter (mm) of the crystal grains. 

A non-oriented electrical steel sheet comprising: on a mass percent basis, 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); I 
Ni: 5% or less (including 0%); and 
Cu: 0.2% to 4%, 

Wherein, after aging treatment is performed at 500°C for 1 0 hours, the yield stress of the steel sheet is not 
less than CYS (MPa) represented by the following formula 1 : 

note 

CYS =1 80+5,600 [%C]+95 [%Si]-»-50 [%Mn]+37 [%Af]+435 [%P]+25 [%Ni]+ 

22d* 1/2 (Formula 1) 

where d is an average grain diameter (mm) of crystal grains. 

The non-oriented electrical steel sheet according to one of Claims 1 to 4, further comprising at least one of Zr : V, 
Sb, Sn, Ge, B, Ca, a rare earth element, and Co as a component, 

wherein the content of each of Zr and V is 0.1% to 3%, 

the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, 

the content of each of B, Ca, and the rare earth element is 0.001% to 0.01%, and 
the content of Co Is 0.2% to 5%. 

A method for manufacturing a non-oriented electrical steel sheet, comprising thesteps of: 

performing hot rolling of a steel slab containing on a mass percent basis, 
C: 0.02% or less (including 0%): 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); , 

Ni: less than 0.5% (including 0%); and 

Cu: 0.2% to 4%, . ; 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, 
then performing finish annealing in which heating is performed to a Cu solid solution temperature .+ 1 0°C or 
more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 
ature to 400°C is 10°C/s or more; and 

subsequently performing aging treatment at a temperature in the range of from 4^00 to 650°C. 
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7., - A method for manufacturing a non-oriented electrical steel sheet/ comprising the steps of: 

performing hot rolling of a steel slab containing on amass percent basis, , . ^ ......... 

C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 6%); 

Ni: less than 0.5% (including 0%); and. . . .... , 

Gu:0.2%to4%, * 

then performing cold rolling or warm roHing to obtain a rolled steel sheet having a final sheet thickness, 
then performing finish annealing in which heating is performed to Ts represented by the following formula 2 + 
1 0°C or more, followed by cooling in which a cooling rate in a temperature range of from Ts to 400.?C is 1 0?C/ 
sormore;and . ... . ~ 

subsequently performing aging treatment at a temperature in the range of from 400 to 650°G: 

.corns* r.*;.. - r,-- . 'i . v<: Ts-^^ -/J lk;..< (Formula 2). 

8. A -method for manufacturing ajion^nented elTCtricaLstee! sheet, 99^nBnS' n 9^g steps-of: • , ;lh . t . , .- t ^ ( , c-,- 

performing hot rolling of a steel, slab, containing on a mass percent basis, , ■ --. v - 

G: 0.02% or less (including 0%); . " : . : : ' -^^^,.^0 t*.*! <1 

Si: 4.5%' or less; • -».v2-.^- 4 : '^^^y;-^''^ £ ■ 

Mn: 3% or less; 



Al: 3% or less; 

P: 0.5% or less (including 0%); , n ... , c{ A \. 

Ni: 0.5% to 5%; and' * ^ : t .^w'.^"" LY^t*^ 

Cu: 0:2% to 4%, = " ' V.i/ c /^\ V 

£ «iiiY$&fy^ a/CulsSlid.^ or 

ature to400°C is 1°C/s or more"; arid . " -W- c - 

subsequently performing aging treatment at a temperature in the range of from 400 to 650°C. 

9. A method for manufacturing a non-oriented electrical steel sheet, comprising the steps of: 

:■ ^ performing hot rolling of a steel slab containing on a mass percent basis, 
C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 0.5% to 5%; and 

Cu: 0.2% to 4%, , - 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, 
then performing finish annealing in which heating is performed to Ts represented by the follpwing^formula 2 + 
10°C or more, followed by cooling in which a cooling rate in a temperature range of from Ts to 400°C is 1°C/ 
s or more; and 

. . subsequently performing aging treatment .at a temperature in the range of from 400 to 65p°C: 

1 ' note 

Ts (°C)=3,351 / (3J279-log 10 [%C])-273 (Formula 2). 
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10. The method for manufacturing a non-oriented electrical steel sheet, according to one of Claims 6 to 9, 

wherein the steel slab further contains at least one of Zr, V, Sb, Sn, Ge, B; Ca, a rare earth element, arid Co, 
the content of each of Zr and V is 0.1 % to 3%, 
the content of each of Sb, Sn, and Ge is 0.002% to 0.5%, ' 
5 the content of each of B, Ca, and the rare earth element is 0.001% to 0.01%, arid 

the content of Co is 0.2% to 5%. 

11. A method for manufacturing a non-oriented electrical steel sheet, comprising the steps of: 

*o performing hot rolling of a steel slab containing on a mass percent basis, 

C: 0.02% or less (including 0%); 

Si: 4.5% or less; * 5 •■-'""*'■ z) ""^ 

* ' Mn: 3% or less; . y u ' ; " -* 1 v - * *' ,v "* 

- Al: 3% or less; ' • lf ' ' ' " ~ : s 

15 P: 0.5% or less (including 0%); " ' 

Ni: less than 6.5% (including 0%)\ and > £ ; - 
Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, and 
then performing finish annealing in which heating is performed to a Cu solid solution temperature + 10°C or 
20 more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 

ature to 400°C is 1 0°C/s.or more. 

12. A method for manufacturing a non-oriented electrical steel sheet, c6mp : risinig -the steps' off* • 

25 performing hot roiling of a steel slab containing on a mass percent 

C: 0.02% or less (including 0%); : ' ; • y y 

Si: 4.5% or less; 

Mn: 3% or less; 

Al: 3% or less; 
30 p : 0.5% or less (including 0%); 

Ni: less than 0.5% (including 0%); and 

Cu: 0.2% to 4%, 

Then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, and 
then performing finish annealing in which heating is performed to Ts represented by the following formula 2 + 
35 10 b Cormore, followed by cooling in which a cooling rate in' a temperature range of from Ts to 400° C is 10°C/ 

s or more: ■ ' " 
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s ... - :-t . : 'note ;• ....... - : . .» 

Ts(°C)=3,351/(3.279-log i0 [%C])-273 (Formula 2). 

13. A method for manufacturing a non-oriented electrical steel sheet, comprising the steps of: 

45 performing hot rolling of a steel slab containing on a mass percent basis, 

C: 0.02% or less (including 0%); 

Si: 4.5% or less; , 
Mn: 3% or less; 

Al: 3% or less; : :t / ' * ' ; ' J ; 

50 J ' ' P: 05% 'or less (including 0%); * ~' • ' ' * £ ; ' " 

: rt Ni: 0.5^ td.5%; and ' " 4 ■"•*■' v' * -'^ ^ J - ^ : 

Cu: 0.2% to 4%, / . y . ! , ' 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, and 
then performing finish annealing in which heating is performed to a Cu solid solution temperature + 10°C or 

55 more, followed by cooling in which a cooling rate in a temperature range of from the Cu solid solution temper- 

ature to 400°C is 1 °C/s or more. 
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14. A method for manufacturing a non-oriented electrical steel sheet, comprising the steps of: 

performing hot rolling of a steel slab containing on a mass percent basis, 
C: 0.02% or less (including 0%); 
Si: 4.5% or less; 
Mn: 3% or less; 
Al: 3% or less; 

P: 0.5% or less (including 0%); 
Ni: 0.5% to 5%; and 
Cu: 0.2% to 4%, 

then performing cold rolling or warm rolling to obtain a rolled steel sheet having a final sheet thickness, and 
then performing finish annealing in which heating is performed to Ts represented by the following formula 2 + 
10°C or more, followed by cooling in which a cpoling rate in a^ temperature range of from Ts to 400°C is 1°C/ 
s or more: \ ;v- 4 V. J 



note 



Ts (°C)=3,351/(3.279-log 10 [%C])-273 (Formula 2). 
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